Although near-infrared spectroscopy (NIRS) enables bedside assessment of cerebral oxygenation, it provides little information on the cause of deoxygenation. The authors aimed to investigate the changes in cerebral oxygenation and haemoglobin concentration and their associations during paediatric cardiac surgery in order to elucidate the physiology underlying cerebral deoxygenation. An observational retrospective study on 399 patients who underwent paediatric cardiac surgery was conducted. With use of NIRS, cerebral oxygen saturation as expressed by tissue oxygen index (TOI) before and after surgery, concentration changes in oxygenated haemoglobin (Δ[HbO 2 ]) and deoxygenated haemoglobin (Δ[HHb]) after surgery were studied as were the associations between these values and clinical variables. TOI decreased after surgery (preoperative versus postoperative value, 66.0% [56.9, 71.3] versus 63.2% [54.3, 69.4], median [25th, 75th percentile], P <0.001) and the decrease was greater in higher category groups in the Risk Adjusted Classification for Congenital Heart Surgery (RACHS-1).
Introduction
Morbidity and mortality remain serious problems for patients undergoing paediatric cardiac surgery 1 . Postoperative low cardiac output syndrome (LCOS) and impaired oxygen supply/demand balance are considered to be factors primarily responsible for the poor prognosis 2 . Therefore, assessment of oxygen balance using venous oxygen saturation is a plausible method to assess a patient's condition 3, 4 . However, the cause of haemodynamic compromise is often multifactorial and thus determination of the underlying physiologies is still difficult.
Near-infrared spectroscopy (NIRS) is an optical technique, which relies on the relative transparency of tissue to nearinfrared light 5 . Several different NIRS systems are available for commercial use, all using continuous wave spectroscopy. The NIRO 200NX (Hamamatsu Photonics, Hamamatsu, Japan) system used in this study uses the modified Beer-Lambert Law (mBL) to measure concentration changes in oxygenated (Δ[HbO 2 ]) and deoxygenated haemoglobin (Δ[HHb]), and spatially resolved spectroscopy (SRS) which allows quantitative measurements of cerebral oxygenation expressed as a tissue oxygen index (TOI), the ratio of oxygenated haemoglobin to total haemoglobin, synonymous with regional oxygen saturation (rSO 2 ) and tissue oxygen saturation (StO 2 ) measured with INVOS™ (Covidien Corporation, Troy, MI, USA), EQUANOX™ (Nonin Medical, Plymouth, MN, USA) and FORE-SIGHT® (CAS Medical Systems, Branford, CT, USA) 6 .
In a previous study, we reported that low TOI or high [HHb] were associated with worse outcomes after paediatric cardiac surgery 7 . Impaired cerebral oxygen supply/demand balance caused by LCOS and venous congestion were considered to be the underlying physiologies. Therefore, it was considered that monitoring of cerebral oxygen saturation and haemoglobin concentration with NIRS would not only allow assessment of cerebral oxygenation status but also help to understand the underlying physiology. However, no studies have investigated changes in cerebral oxygen saturation and haemoglobin concentration during perioperative periods after paediatric cardiac surgery.
The aim of this follow-up study using the same data set as the previous study is to investigate changes in cerebral oxygen saturation and haemoglobin concentration during paediatric cardiac surgery. We documented changes in NIRS values including TOI, [HbO 2 ] and [HHb] . We also documented changes in clinical variables including serum haemoglobin concentration (Hb), arterial oxygen saturation (SaO 2 ), arterial partial pressure of carbon dioxide (PaCO 2 ), mean arterial pressure (MAP) and central venous pressure (CVP) during perioperative periods. The analysis was performed in all patients and then in subgroups defined by the Risk Adjusted Classification for Congenital Heart Surgery (RACHS-1) method 8 . We then investigated associations between the NIRS and clinical variables to determine the physiology of cerebral deoxygenation.
Methods
Ethics approval was gained from the Royal Children's Hospital Human Research Ethics Committee (DA049-2014-01). Medical records from patients with congenital cardiac disease who underwent cardiac surgery using cardiopulmonary bypass (CPB) with NIRS at the Royal Children's Hospital, Melbourne, Australia, between January 2012 and September 2013 were retrospectively reviewed. Patients who had extracorporeal membrane oxygenation (ECMO) and use of a ventricular assist device (VAD) in the operating theatre were excluded from this study. Patients were classified using the RACHS-1 method.
Intraoperative procedures
General anaesthesia was carried out according to institutional practice. Induction of anaesthesia was achieved with intravenous fentanyl, with or without inhaled sevoflurane. Anaesthesia was maintained with fentanyl and sevoflurane as tolerated. Neuromuscular blockade was achieved with pancuronium bromide (0.1-0.2 mg/kg). During CPB, MAP was maintained at 35-45 mmHg and bypass flow at 150 ml/kg/minute.
Data collection
NIRO-200NX probes and monitors were used to measure cerebral TOI, Δ[HbO 2 ], and Δ[HHb]. This device relies on the relative transparency of the brain and overlying tissues in the near-infrared spectrum (700-1,000 nm) 5 . Δ[HbO 2 ] and Δ[HHb] were measured by conventional differential spectroscopy with the use of mBL. The principle of mBL is defined as follows: ∆A=L•∆μa, where A is light attenuation, L is differential path length, and μa is the absorption-scattering coefficient. In mBL, by measuring the light attenuation change, ∆A at several wavelengths and by knowing L, the changes in absorption coefficients (∆μa) can be calculated.
Then the concentration changes ∆C (∆[HbO 2 ], ∆[HHb]) are derived by using the relation ∆μa = ε•∆C, where ε represents the molecular coefficients of the measured components.
TOI was calculated using SRS, in which a mathematical model based on the photon diffusion theory is used to calculate the differential equation of light attenuation with respect to distance from the light input. The following equation demonstrates the principle of SRS.
Where A is light attenuation, ρ is the distance from light impulse source, μa is absorption coefficient, μs' is the reduced scatter coefficient. The NIRO-200NX measures ∂A/∂ρ at three wavelengths, therefore allowing the calculation of the coefficients of absorption and scatter. Because the first order approximation of the scatter coefficient can be treated as a constant (k), the relative concentrations of oxygenated and deoxygenated haemoglobin can be obtained (k HbO 2 and k HHb, respectively). TOI is calculated as HbO 2 /(HbO 2 +HHb) and it is expressed as a percentage (%).
Once induction of anaesthesia was completed, the optical probe was placed on the forehead below the hairline. NIRS monitoring commenced after induction of anaesthesia and continued until the end of surgery just prior to leaving the operating room. NIRS data were captured electronically at 0.2 Hz. As these values fluctuated, the mean value of the first five minutes (preoperative) and the last five minutes (postoperative) were calculated. Accordingly, TOI before and after surgery (preoperative TOI, postoperative TOI) and concentration changes in oxygenated and deoxygenated haemoglobin during the surgery (Δ[HbO 2 ], Δ[HHb]) were determined and used for subsequent analysis.
MAP and CVP were also electronically recorded, and the values after induction of anaesthesia and at the end of surgery were obtained and used as preoperative and postoperative values. Blood gas analysis of SaO 2 , PaCO 2 and Hb were obtained at clinically indicated intervals, typically after induction of anaesthesia and after separation from cardiopulmonary bypass. These values were used as preoperative and postoperative values.
Statistical analysis
Continuous variables were tested for normality using the Shapiro-Wilk test, which confirmed none of the data had a normal distribution. The data are presented as median and interquartile ranges. Comparisons between preoperative and postoperative values were made using Wilcoxon's signed-rank test. One sample Wilcoxon signed-rank test was used to test the hypothesis that postoperative Δ[HbO 2 ] and Δ[HHb] were different from 0. Spearman's rank correlation coefficients were calculated between ΔTOI, Δ[HbO 2 ], Δ[HHb] and clinical variables. Statistical tests were performed by using SPSS (IBM SPSS Statistics for Windows, Version 21.0, IBM Corp., Armonk, NY, USA).
Results
A total of 879 patients underwent cardiac surgery during the study period. Of these, complete data sets were obtained from 399 patients. Patients were classified according to the RACHS-1 method and listed in Table 1 . Table 2 represents the demographic and surgical data according to the RACHS-1 category groups. Table 3 represents changes in NIRS values and Table 4 represents changes in clinical variables after surgery.
TOI decreased after surgery when all patients were included in the analysis (-1.6% [-8.4 to + 4.1], P <0.001) and the decrease of TOI was greater in higher RACHS-1 category groups (Figure 1 ΔMAP, mmHg 0 (-11 to +10) -6 (-14 to +3) 0 (-10 to +8) 0 (-12 to +12) +1 (-7 to +16) +10 (+7 to +17) P 0.93 0.055 0.95 0.71 0.41 0.01
CVPpre, mmHg 7 (5 to 10) 6 (5 to 10) 7 (4 to 9) 7 (5 to 11) 6 (5 to 9) 6 (5 to 11)
CVPpost, mmHg 8 (6 to 11) 8 (7 to 10) 8 (6 to 10) 8 (5 to 11) 5 (4 to 8) 11 (7 to 13) ΔCVP, mmHg +1 (-1 to +4) +1 (-1 to +2) +2 (-2 to +4) +1 (-1 to +4) -1 (-3 to +2) +2 (-4 to +7) P <0.001 0.094 <0.001 0.004 0.48 0.5
Data are presented as median (interquartile range). SaO 2 , arterial oxygen saturation measured with blood gas analysis; Hb, serum haemoglobin concentration; PaCO 2 , arterial blood carbon dioxide partial pressure; MAP, mean arterial pressure; CVP, central venous pressure; pre, pre-surgery; post, post-surgery; RACHS-1, Risk Adjusted Classification for Congenital Heart Surgery. Hb and SaO 2 decreased post surgery (-10 g/l [-27 to +7], P <0.001, -0.2% [-0.6 to +3.5], P <0.001, respectively) whereas PaCO 2 and CVP increased (+2 mmHg [-5 to +7], P=0.03, +1 mmHg [-1 to +4], P <0.001, respectively) when all patients were tested. In subgroup analysis defined by RACHS-1 method, Hb decreased in all groups except group 2 (Figure 2) .
The association between ΔTOI, Δ[HbO 2 ] and Δ[HHb] was tested using Spearman's correlation analysis and found that ΔTOI was positively correlated to Δ[HbO 2 ] (r = 0.44, P <0.001) and inversely correlated to Δ[HHb] (r = -0.47, P <0.001).
The associations between NIRS and clinical variables were tested using Spearman's correlation analysis and are shown in Table 5 . There were weak or no correlations between ΔTOI and clinical variables. Δ[HbO 2 ] and Δ[HHb] were moderately correlated to ΔHb (r = 0.52, P <0.001, r = 0.33, P <0.001, respectively), but there were weak or no correlations between Δ[HbO 2 ], Δ[HHb] and other clinical variables.
Discussion
In this study, we found that cerebral TOI decreased after paediatric cardiac surgery and the decrease was greater in patients of higher risk RACHS-1 category groups. These findings were understandable as they reflected impaired cerebral oxygen supply/demand balance as a result of haemodynamic compromise after cardiac surgery. TOI reflects a venous weighted average oxygen saturation under the probe 9,10 and thus cerebral TOI is associated with venous oxygen saturation (SvO 2 ) 11, 12 . Therefore, it is plausible that cerebral TOI decreases after cardiac surgery particularly in patients who undergo severe cardiac surgery, reflecting impaired oxygen balance.
However, findings regarding change in [HbO 2 ] were not concordant with this explanation. In the entire patient cohort, there was no evidence of a decrease in [HbO 2 ]. In subgroup analysis, [HbO 2 ] was decreased only in the RACHS-1 group 1 but there was no evidence of decrease of [HbO 2 ] in the higher risk groups. Thus a decreased [HbO 2 ] cannot be the primary driver of the observed decrease in TOI. Although both TOI and [HbO 2 ] reflect cerebral oxygenated haemoglobin level, patterns of changes in these parameters looked totally different. These apparently contradicting results may be derived from the different definition of these parameters. [HbO 2 ] represents concentration of oxygenated haemoglobin, whereas TOI represents saturation of oxygenated haemoglobin and is determined by the proportion of [HbO 2 ] to the total amount of Hb ([HbO 2 ] + [HHb]). Therefore, TOI is determined not only by [HbO 2 ] but also by [HHb] . Indeed, we found that ΔTOI was positively correlated to Δ[HHb] and inversely correlated to Δ[HbO 2 ], which infers that a decrease in TOI was attributed to a There are several possible explanations. One explanation is that there was a hypoxic vasodilation mechanism aimed to augment the diminished oxygen delivery. A previous study documented that cerebral total [Hb] measured with NIRS and cerebral arterial velocity measured with transcranial Doppler sonography increase during hypoxia, presumably due to this augmentation mechanism 13 . Therefore it is plausible that, in patients with hypoxaemia, cerebral [HHb] increases due to hypoxic vasodilation whereas [HbO 2 ] doesn't increase, reflecting hypoxaemia. However, arterial hypoxia was observed only in RACHS-1 group 6 and thus this explanation fits only this group.
Another possible explanation is that there was an increase in cerebral blood volume (CBV) predominantly in the venous compartment, resulting in increased [HHb]. This could be due to several separate mechanisms. A postsurgical reduction in myocardial function, primarily as a consequence of myocardial ischaemia following aortic cross-clamping, may lead to cardiac dysfunction, resulting in venous congestion. A postoperative low cardiac state would also increase [HHb], as a result of compensatory increased cerebral oxygen extraction. Certain surgical procedures such as Fontan and cavopulmonary shunt also lead to increased venous congestion. It is reported that [HHb] increases under venous congestion 14, 15 , thus it is plausible that the observed increase in [HHb] reflects cerebral congestion caused by cardiac dysfunction. Simultaneous measurement of cerebral blood flow (CBF) and CBV with use of transcranial Doppler sonography would help verify or refute these possible explanations 16, 17 .
This may also explain why [HbO 2 ] was not decreased in the higher risk groups in which serum Hb decreased. Because increase in CBV is known to increase both [HbO 2 ] and [HHb] 14 , it can neutralise the influence of decrease in serum Hb and, as a result, [HbO 2 ] was unchanged.
Our findings may help clinicians consider therapeutic strategies for cerebral deoxygenation. For example, if the decrease of [HbO 2 ] was considered to be the primary cause, blood transfusion and oxygen therapy would be plausible.
If the increase of [HHb] was considered to be the primary cause, the treatment may have to be focused on improving cardiac function and venous drainage. Afterload reduction, vasodilator therapy or open chest could be the possible choices. Further study is needed to test the efficacy of these strategies. This study has several limitations. Firstly, this retrospective study population includes various cardiac diseases that may lead to selection bias. Secondly, the NIRS and clinical data were collected separately and the timepoints were not precisely matched. Thus our correlation analysis between these variables may not be accurate. Thirdly, our study lacks information that would influence cerebral perfusion such as patients' pre-existing comorbidities, ventilator settings, anaesthetics and inotropic agents used. Fourthly, our data lacks SvO 2 data which would have influence on TOI.
In conclusion, cerebral TOI decreased after paediatric cardiac surgery and the cause was attributed to the decrease in [HbO 2 ] and the increase in [HHb]. The former change was typically seen in lower RACHS-1 category groups whereas the latter was commonly seen in higher RACHS-1 category groups. Postoperative anaemia, LCOS, hypoxic vasodilation and venous congestion were considered as the physiologies underlying these changes. Although monitoring TOI alone doesn't allow one to distinguish these different physiologies, additional monitoring of [HbO 2 ] and [HHb] would potentially enable it.
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